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The current paradigm for plant morphogenesis dictates that cortical
microtubules serve as a template for the assembly of the cellulosic wall which,
in turn, controls cell expansion. A new study provides direct evidence that
tissue-level tension can serve as a mechanical signal to align cortical
microtubules, thus establishing a critical feedback mechanism for the
morphogenetic process.showed a stable circumferential
orientation (Figure 1). These
observations confirm earlier reports of
microtubule orientation in fixed
meristems [7,8] but now emphasize the
rapid remodeling that can take place
within cells. If microtubules do serve as
templates for wall assembly, we can
expect cellulose microfibrils to show
the same pattern on the meristem.
A similar alignment of cellulose
microfibrils was indeed reported in
several species [9,10]. It thus appears
that the microtubule–microfibril
paradigm holds true for the shoot
apical meristem.
Earlier studies, however, left one
important question unanswered:
what controls the alignment of
microtubules? One possible
signal — mechanical stress — has
received additional support from the
work of Hamant and coworkers [4].
They first noted that the microtubule
alignment on the meristem surface
corresponds to the direction of
maximal tensional stress predicted if
the cells within the meristem exert
a pressure on the meristem surface
(Figure 1). One could therefore
envisage a positive feedback
mechanism whereby meristem
morphology dictates the stresses
within the meristem which in turn
set the alignment of microtubules,
cellulose microfibrils and, ultimately,
the next growth increment of
the meristem. In other words,
plant morphogenesis would be a
self-reinforcing process in which
the initiation of a structure, such as
a leaf primordium, modifies the
mechanical environment so as to favor
additional growth of the structure.
The most telling results came from
experiments designed to modify the
stress field within the meristem. In
one such experiment, a single or
a few epidermal cells were ablated
to create a void within an otherwise
continuous cell layer. As is well
known to engineers, such defects
lead to stress concentration in the
immediate neighborhood of the void.
If the material is under tension, as
the meristem surface is, one would
predict the lines of maximal stress
to arc around the defect. Cells
reading this mechanical signal
would thus be expected to align their
cortical microtubules parallel to the
edge of the ablated cell or cells. This
response is exactly what Hamant et al.ability of cells to control their direction
of growth is arguably the most
important tenet of plant
morphogenesis because it provides
an explicit mechanism for how shape
is controlled at the molecular level.
However, this causal chain has
been lacking a proper feedback
mechanism — one that would allow
organ-level signals to affect the
molecular controls of growth. A recent
study by Hamant and coworkers [4]
shows that mechanical stress may
very well provide such a feedback
mechanism.
To elucidate the role played
by microtubules in meristem
morphogenesis, Hamant et al. [4]
first repeated Green’s experiment
by applying the microtubule-
depolymerizing drug oryzalin to
growing Arabidopsis inflorescence
meristems. The ensuing
morphogenesis was altered in a
characteristic way — morphological
features that are typically sharp
became more rounded and smooth. In
particular, the meristem lost its ability
to form the narrow creases that
normally delineate emerging primordia
in the peripheral region. Previous
measurements of cell expansion in
this region have shown an abrupt
shift in the direction of cell elongation
[5,6] (Figure 1). The response of the
meristem suggests that microtubules
are required to maintain this expansion
pattern. Interestingly, despite the
change in meristem morphology,
meristem patterning and differentiation
were not affected in any obvious way
two or more days after the beginning of
the treatment.
Hamant and coworkers [4] then
looked at the orientation of
microtubules over the meristem in vivo.
They found that at the meristem
summit cortical microtubules are
dynamic, with their alignment changing
every one to two hours. However, at
the meristem periphery microtubulesJacques Dumais
Morphogenesis in plants requires
a precise control of cell expansion.
A typical meristematic cell expands
10–100-fold while undergoing
differentiation, but this expansion is
rarely such that the cell’s initial
proportions are maintained. Instead,
most plant cells extend along a
preferred axis. This seemingly simple
process hides an interesting subtlety.
For a plant cell to grow, the cellulosic
wall that surrounds it must be
stretched. Cells achieve this by
building a high internal hydrostatic
pressure known as turgor. The main
issue is that turgor pressure has no
preferred direction; thus, if left to its
own devices, turgor would turn cells
into spheres. The same phenomenon is
observed whenever a hollow structure,
such as a rubber balloon, is greatly
distended by internal pressure. The
way out of this difficulty lies in the
deposition of cellulose microfibrils, the
mechanically dominant component of
primary cell walls. By aligning cellulose
microfibrils along a preferred direction
within the wall, a cell can limit
stretching along this direction and thus
control its expansion.
Nearly five decades ago, Paul B.
Green showed that the cylindrical
internodal cells of the green alga
Nitella, when treated with the drug
colchicine, lose their hoop-like
cellulose reinforcement and promptly
grow into spheres [1]. He postulated
that long polymers within the cortical
cytoplasm guide the deposition of
cellulose microfibrils and thus enable
cells to control their growth direction.
The polymers were later shown to
be cortical microtubules whose
dynamic nature and long-range
self-organization make them an ideal
template for cellulose deposition [2,3].
The causal connection between
cortical microtubules, the alignment of
cellulose microfibrils and ultimately the
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orientation in the shoot apical meristem.Eye Evolution: Two Eyes Can Be
Better Than One
The development of our eyes is owed in part to ancestral structures which
functioned in phototaxis. With the origin of bilateral annelid larva, two eyes
co-evolved with neurons to improve phototaxis performance.
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Eyes began with rhodopsin
photoreceptor molecules dispersed in
the plasma membrane, as still seen in
the euglenoid Peranema [1]. Later
these photoreceptors clustered into
eyes to track sources of light
(phototaxis). Examples include the
1.5 mm-diameter eye of the unicellular
alga Chlamydomonas ‘‘Animal. sine
cauda [without tail], sed ocello [but
eye].’’ [2], and the eye of fungal
zoospores of Allomyces [3]. The larva
of the sponge Reniera developed
a girdle of ciliated photoreceptor cells
shaded by a ring of pigment. This larva
swims in a right-handed helix away
from light without using neurons [4,5].
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Taken together, these results
provide tantalizing evidence that
mechanical stress can contribute to
morphogenesis not only as the driving
force for cell expansion but also as a
signaling factor providing long-range
coordination of cellular responses.
Although some gaps remain to be
filled — in particular, how stress
signals are read by cells — one gets
a sense that plant morphogenesis is
yet another elegant example of
Nature’s uncanny ability to weave,
seamlessly, molecular and
mechanical controls in order to
achieve robust developmental
processes [12].
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applied externally can serve as a signalPlatynereis dumerilli has two 2.4 mm-
diameter rhabdomeric eyes [6] and is
also propelled in a right-handed helix
by a circumferential band of cilia
(Figure 1B). This rhabdomeric eye has
about 500 closely packed parallel
microvilli membrane tubes containing
photoreceptor pigment molecules
pointing outward from the cell body.
Je´kely et al. [7] have now shown how
these eyes and its neurons work
together to optimize phototaxis of this
bilateral larva.
Three strategies have evolved for
light tracking in three dimensions. The
most familiar is the pitch–yaw–roll
system used by fish and their
descendants. They have well
developed eyes and use gravity as
